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ABSTRACT
The term Anthropocene has been suggested to describe the epoch in which changes in Earth systems can be clearly attributable to human activities. The oasis ecosystems of the Baja California Peninsula provide a good example of the transformations that human activities can produce in an ecosystem over centuries of use. These sites, which are located in the northwestern desert of Mexico, are a refuge for a great diversity of species. At the same time, they are important for human subsistence, which has exerted pressure on the water resources of these ecosystems since humans settled in these locations following the arrival on the American continent. To reconstruct the changes in hydrological conditions in these ecosystems and their relationship with climatic patterns and human activities during the last century, we measured δ 18 O isotopes in the stem cellulose of the longlived palm Washingtonia robusta in three Baja California Sur oases. Samples were collected at different heights from the base to the top (i.e., from the oldest part of the stem to the youngest) of each palm and from different water sources. The oxygen isotope values of W. robusta appear to be influenced mainly by intense climatic anomalies. Some El Niño Southern Oscillation (ENSO) events were recorded in the isotope signals of the palms, such as La Niña drought event that occurred between 1942 and 1957 and caused an evident increase in the δ 18 O of the palms of the San Ignacio oasis. However, other ENSO events did not produce isotope changes in the palms. We propose that the hydrological characteristics of the oases, as well as agricultural irrigation, likely maintained constant moisture conditions that caused the observed stability of the 18 O/ 16 O isotope ratios in the palms and limited the evidence of climatic anomalies that these palms provide. Although W. robusta can serve as a reasonable proxy for climate reconstructions, improvements in our understanding are needed; e.g., more accurate methods for estimating the ages of palms and more knowledge of the effects of other factors related to the hydrological cycles of oases.
INTRODUCTION
Introduction
Due to the magnitude of the impacts that human transformations have produced in the Earth system, the current geological epoch is referred to as the Anthropocene (Crutzen, 2006; Ehlers and Krafft, 2006; Mauser, 2006) . The oasis ecosystems of the Baja California peninsula are good examples of the changes that human activities can produce in an ecosystem. These sites, which are located in the northwestern desert of Mexico, are a refuge for a great diversity of native species of mesic affinity and some species that are characteristic of the surrounding xerophilous scrub (Arriaga and Estrella, 1997). Many amphibians, reptiles, and mammals (Álvarez et al., 1997a, 1997b) inhabit these locations, and many migratory bird species visit them (Rodriguez-Estrella et al., 1997) . In total, 184 oases have been recorded in the Baja California peninsula, 171 of which are in Baja California Sur (Maya et al., 1997) . Human activities have affected the oases of Baja California since humans arrived on the American continent (Cariño, 1996) . The first inhabitants of Baja California used these oasis ecosystems intermittently to obtain water and some fruits, in addition to other resources extracted from the desert and ocean (Jordán, 2005) . Later, after the arrival of the Jesuits in Baja California in the seventeenth century, the availability of permanent or intermittent bodies of water allowed the establishment of missions; subsequently, permanent populations settled in the oases (Del Barco et al., 1988) . Currently, the oases of Baja California preserve many native species, as well as introduced species that the missionaries brought to the new world and became part of the local markets. As in other desert regions, the frequency of rain pulses is a critical factor in the maintenance and subsistence of arid areas in northwestern Mexico (Caso et al., 2007) . The rainfall patterns in these areas are characterized by long periods of drought followed by short periods of intense rain. These rains are critical for the reproduction, establishment, and survival of biotic populations (Caso et al., 2007) . Pulse-type rain in desert environments has been related to global periodic atmospheric changes and ocean streams (Los et al., 2001) , particularly the phenomenon known as the El Niño Southern Oscillation (ENSO). ENSO results from temperature changes at the ocean surface and manifests as periodic climatic anomalies that cause marked changes in rainfall in the coastal deserts of North and South America (Barber and Chavez, 1983; Holmgren and Scheffer, 2001; Holmgren et al., 2016) . It has been suggested that the ENSO-related rainfall pattern varies along the Pacific coast of Mexico Mexican Pacific. The El Niño events tend to increase rainfall in the northwestern part of Mexico above 22° N latitude, which includes the entire Baja California peninsula; however, these events produce drought in the South Pacific Ocean. In contrast, the La Niña phenomenon produces drought in northwest Mexico and rains in the South Pacific Ocean (Caso et al., 2007) . Some authors have suggested that the rains that occur during the summer monsoon period are the main source of water to the water-bearing oases of Baja California Sur, followed by late summer Pacific hurricanes and tropical storms (Caso et al., 2007; Wurl et al., 2013) to maintain biodiversity and support human subsistence. Both periodic floods and droughts regulate the structure and composition of the plant communities in the oases (León de la Luz et al., 1997) and have been related to historical land use and the development of different economic activities in the oases (Cariño, 1996; Martínez-Ballesté, 2014) . The isotope ratios in plant tissue can be used to reconstruct past environmental changes and their relationship with regional and global hydrological processes (Santiago et al., 2005) . In addition, these ratios have been used to obtain information on the environmental conditions during plant growth that are associated with plant metabolic and physiological responses (English et al., 2007) . Recent studies in this field have substantially improved the accuracy of estimating past hydrologic C and 14 C in plants (Roden et al., 2000; Sternberg et al., 2003; English et al., 2007) . Oxygen isotopes are used to determine the sources of the water contained in the xylem of trees. Such reconstructions are possible because isotope fractionation does not occur during the process of root absorption (Reyes-García and Andrade, 2007) , and changes in isotope values during the formation of cellulose can be evaluated. The cellulose found in the growth rings of trees has been used to reconstruct past climate conditions, specifically precipitation and temperature; however, few studies have reconstructed past climates from species lacking secondary growth (Desantis et al., 2007; English et al., 2007) . Monocotyledons are flowering plants whose seeds typically contain only one embryonic leaf or cotyledon. These plants lack a vascular cambium and thus do not have secondary growth that increases the plant diameter (Uhl and Dransfield, 1987) . Palms are recognized as monocotyledonous species. Although the growth of their stems cannot be calculated using concentric rings, as in species with lateral meristems, it can be measured vertically at different heights. The younger part of a palm is found at the top of the palm, whereas the oldest part is found at the base. In the oases of Baja California Sur, the palm Washingtonia robusta (H. Wendl.) is one of the most abundant riparian vegetation species, and it is native to this ecosystem. It has been suggested that W. robusta can live for more than 500 years (Bullock and Heath, 2006) . Therefore, this species may represent a useful proxy for reconstructing past climate events and can provide evidence of environmental changes, particularly in oasis ecosystems that currently lack suitable proxies for climate reconstruction. In this research, we measured the δ 18 O stable isotope composition in the stem of the long-lived palm Washingtonia robusta, which is common in the oases of Baja California Sur, to determine whether the δ 
Methods
STUDY SITE AND FIELDWORK
This research was conducted in 2009 in the Mulegé, San Ignacio, and San Jose de Comondú oases in northern Baja California Sur, Mexico (Figure 1 ). Permanent human populations live in these locations, and these populations depend on agriculture and livestock maintained by irrigation systems developed by the Jesuits in the seventeenth century. In the twentieth century, the tourism industry developed in some of these oases, particularly the Mulegé and San Ignacio oases. We selected four to six palms in each oasis and samples were collected from the stem core of each palm at one-meter intervals, starting at the palm base and ending at the top, where the first green leaves begin to grow. We were unable to identify a suitable method for estimating palm age because the literature does not report any reliable method, except for the measurement of 14 C, however we did not have the resources to perform that analysis. For this reason, we decided to ask local residents for this information. The ages of the palms at San Ignacio was estimated based on their observation and memories of the size and age of the palms in his childhood and then adding the years that have passed since then, however, in the other two locations we could METHODS not obtain this information and the people just showed us the palms that they considered were the oldest or the highest. It is known that the growth rate of palms can change greatly, depending on the environmental conditions in which they develop (Pulido and Caballero, 2006; Martínez-Ballesté et al., 2008; Macedo et al., 2016) and it is possible that for this cause the ages of the palms estimated in San Ignacio was quite variable in relation to the height of the palms (see Table 1 ). Was for this reason that we decided not to use the information of San Ignacio to infer the ages of the palms found in the other two localities. Given that we selected only the palms that were tallest or oldest, as reported by the locals, we assumed that all of the palms in Mulegé and Comondú oases were approximately 70 yr. old, which was the maximum age of the San Ignacio palms. To determine the sources of water used by the palms, water was collected from all possible origins in each oasis. These potential sources included rainwater, irrigation ditches, fluvial sources, wells, and edaphic sources, as well as the ocean. In total, thirteen water samples were collected from different sources among the three oases. The palms grew close to water-bearing locations intended for orchards. Historically, these orchards contained various crops, including date palm, sugarcane, vines, vegetables, and fruit trees; however, the diversity of orchard crops in these three oases is currently low.
SAMPLE PREPARATION AND LABORATORY ANALYSIS
The stem samples collected in the field were dried 
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at 65 °C for three days. Subsequently, small pieces of the central part of each of the collected stems were separated using knives; each piece contained xylem vessels and parenchyma. At the laboratory at the Department of Botany and Plant Sciences, University of California, Riverside, the stem samples were milled and homogenized in a centrifugal mill (8000 D Mixer/Mill, SamplePrep SPEX, Metuchen, NJ, USA) and then dried overnight in 20 ml vials at 50 °C. To perform the oxygen isotope analyses, the milled samples were weighed in silver foil cups; each sample had an approximate weight of 0.8 to 1.2 mg. A total of 204 collected stem samples and 13 water samples from different sources were sent to the Facility for Isotope Ratio Mass Spectrometry at the University of California, Davis, for oxygen isotope (δ 18 O) analysis.
DATA ANALYSIS
δ 18 O VALUES AT DIFFERENT HEIGHTS
The δ
18
O values obtained from samples of W. robusta at different heights were analyzed via regression to obtain the residuals, which were plotted as an isotope curve for each of the palms sampled.
The δ
18 O series of each individual were detrended by estimating a linear regression of isotopic values as a function of palm tree height, and assigning the regression residual to each height. This transformation was performed to eliminate potential bias produced by any trend in the isotopic values along the height of the observed individual. Thus, isotopic anomalies would be directly comparable with climatic anomalies.
ANALYSIS OF DATA FROM METEOROLOGICAL TIME SERIES
Historical rain and temperature data were requested to the National Meteorological System of the National Water Commission. The meteorological data series of Mulegé covers the period between 1922 and 2010, whereas those of Comondú and San Ignacio begin in 1938 and 1939, respectively, and both end in 2010. The trends in precipitation and annual temperature were obtained as follows:
The annual rainfall and maximum temperature 
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data were modified by removing the long-term trends (which are relatively weak) and magnifying the short-term trends (which are more intense). The number of observations was reduced to 48 over a 4-year interval by calculating the moving average for both precipitation and temperature. This procedure was followed to relate the sparse palm isotope data to the many meteorological data on a comparable scale. By removing the scale differences in the data, the general tendency was obtained, and the climatic anomalies were graphed. We did not use the database of minimum temperatures for two reasons: First, these oases never experienced temperatures below 0 ºC. Second, the maximum temperatures lead to greater degrees of fractionation of 18 O/ 16 O than the minimum temperatures.
MATCHING THE δ
O CURVES WITH WEATHER ANOMALIES
Using the estimated palm ages, we adjusted their isotope curves to the graphs of the time series recorded for the precipitation and maximum temperature anomalies. Due to the presence of a thick layer of dry leaves at the upper parts of the palm stems, we were not always able to obtain samples all the way to the top (Table 1) . In these cases, we subtracted the number of recent years for which we did not have data and adjusted the isotope curves to a date in the past that we had calculated. This procedure was carried out using the total palm height, the height at which the uppermost sample was taken, and the palm age. Once the isotope curves had been adjusted to the time series of the climatic events, we used dotted vertical lines in the adjusted graphs to identify the points at which the 
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Some inflection points in the isotope curves matched or were close to pronounced climatic anomalies, but there was no evidence of the effect of climatic anomalies on the δ
18
O values in other parts of the curve. Only at the points highlighted with dotted vertical lines can we state that δ 18 O increases occurred due to decrease in precipitation and increase in temperature, or δ 18 O decreased when the precipitation increased and the temperature decreased (Figures 2, 3 , and 4). The average δ 18 O value of palm cellulose was 23.4 ‰. The values of the water sources exhibited a gradient ranging from negative to positive from deeper water horizons to surface water. Water collected from wells had the most negative values, whereas those of surface water and rain were positive (Table 2) (Figure 2) . The longest rainy period reported by the NOAA meteorological service occurred between 1978 and 1988; however, the δ 18 O values of the palms did not show an evident reduction at any of the sampled sites. Some other La Niña/El Niño events were associated with increases or decreases in δ 18 O, as expected for these climatic events (Figures 2, 3, and 4) . The Mulegé oasis suffered considerable damage due to a flood that occurred in 1959 (Figure 6 ) that may have been related to an El Niño event in 1958 and high precipitation anomalies. This event was Boletín de la Sociedad Geológica Mexicana / 2018 / 85 
RESULTS
Discussion
HYDROLOGICAL DYNAMICS OF OASES AND AVAILABLE WATER SOURCES
Water from surface sources in ecosystems is more enriched in 18 O than in O; i.e., irrigation ditches, rivers, and rain. The root behavior of W. robusta may be similar to that of other palms, such as Sabal palmetto, which have shallow roots that do not reach groundwater (Desantis et al., 2007) . According to the hydrological regime of Baja California Sur, the groundwater deposits are mostly unconfined; only some are confined or semiconfined (Díaz and Troyo, 1997) . This unconfined nature of the aquifers means that the water available to plants growing in the oases, including W. robusta palms, originates mainly from surface water sources. 
ISOTOPE VALUES OF THE PALMS
There is a direct correlation between the δ 18 O signals in the organic matter of the stems and the δ 18 O of rainwater because water absorbed by plants does not undergo isotope fractionation (White et al., 1985; Reyes-García and Andrade, 2007) . In this sense, the isotope variations in δ 18 O in cellulose extracted from the W. robusta palms at different heights represent the historical climate-dependent levels of precipitation recorded at meteorological stations in the study region. According to Reyes-García and Andrade (2007) , when temperatures are high and the relative humidity is low, the organic matter forming during weather conditions will be less enriched in the heavy isotope 18 O and more enriched in the light isotope 16 O. The opposite trend is noted when precipitation is high and temperatures are low. This behavior is evident at certain points within the isotope curves obtained for W. robusta, particularly in the years in which the changes in precipitation or temperature were more pronounced. That is, when precipitation and temperature anomalies increased or decreased markedly, the δ 18 O curves for most of the studied palms exhibited a direct proportional response to changes in temperature and an inverse response to changes in precipitation. When the temperature increased markedly and precipitation decreased, the palm cellulose forming at this moment became enriched in the heavier isotope ( 18 O) because the abundance of the light isotope ( 16 O) was reduced by evaporation; the opposite occurred with the contrasting climatic pattern. In the San Ignacio oasis, well-defined inflection points were observed throughout the studied isotope curves for different palm heights within a period that we calculated as corresponding to 1939 to 2009. However, in the Comondú and Mulegé oases, inflection points were scarce, and most were observed for samples collected from the higher parts of the palm trees; i.e., in the most recently formed stem sections. Under constant moisture and temperature conditions, δ
18 O increases in both organic matter and water bodies until a stable isotope state is reached and the signal does not change (Flanagan et al., 1991) . Although this state is not frequently achieved in natural environments (Harwood et al., 1999) , the oases function as a very efficient hydraulic system, due to the relative abundance of water that accumulates in the springs, rivers, plains, and basins (Díaz and Troyo, 1997) . For example, it is known that the springs that feed the Comondú oasis can provide water to the oasis ecosystem over many dry years and can also accumulate water in flood areas in the lower and upper parts of the basin, where it remains for months or even years (Wurl et al., 2013) . Moreover, human activity has occurred in the studied oases for several centuries, and palms grow in orchards, where water is regularly supplied by irrigation. In the oases of Baja California, it is common to observe the presence of channels and gates for the distribution of water that were constructed by the Jesuits during the establishment of missions. Also, the construction of wells was promoted from 1950 (Ortega-Santos, 2013) to promote agriculture in the north of Baja California Sur. Thus, it is probable that the slight variation in the isotope curves compared to the climatic anomalies is the result of the hydrological characteristics of the system and of its anthropic management during the last century. A stable isotope state could have been reached in the water absorbed by the palm stems due to the irrigation water supply maintained under constant humidity levels, with little variation in the 18 O/
16
O ratio. Therefore, only during climatic events of great intensity can we observe well-defined inflection points that indicate precipitation and temperature changes.
RELATIONSHIP BETWEEN ISOTOPE BEHAVIOR AND ENSO EVENTS
The rain pulses in the Baja California Peninsula related to ENSO increase during the El Niño phenomenon (Caso et al., 2007) ; and drought and temperature increases occur during La Niña years (Diaz et al., 2001) . According to historical records from the NOAA meteorological system, several La (Diaz et al., 2001) . Although ENSO signal in tree rings in northern Mexico and the southern USA is strong and consistent (Stahle and Cleaveland 1993) , the isotope values of W. robusta did not show notable changes during all ENSO events; only some ENSO periods were well marked at the defined points in figures 2, 3 and 4. Specifically, the La Niña events of 1950 , 1955 , and 1989 and the El Niño events of 1958 , 1966 , and 1992 1958, 1966, 1992, 2003, and 2007 were recorded in the Comondú oasis. A picture taken in the Mulegé oasis shows the devastation caused by the heavy rainfall that occurred in 1959 (Figure 6 ). This strong rainfall event was considered along with other tropical storms as those that caused extensive damage in the region between 1957 and 2008 according to the registers presented by Wurl et al. (2013) . As observed in the photograph, this storm caused considerable devastation in the town of Mulegé; however, only a small increase was observed in the δ 18 O of the palms.
Conclusions
The oxygen isotope values of W. robusta appear to be influenced by anomalous climate conditions; however, this influence was notable primarily when the intensities of the climatic anomalies were very large. In some cases, the most evident inflection points in the isotope curves were related to ENSO events, although this relationship was not always apparent. A prolonged drought event occurred between 1942 and 1957 due to periodic La Niña events, which caused an evident increase in δ
18
O of the palms of San Ignacio. The isotope values of W. robusta were also influenced by the hydrological characteristics of the oasis ecosystem and human activity. The accumulation of water in springs that feed the oasis, and in irrigation systems used in agricultural activities, may have maintained a constant availability of moisture that may be related to the stability of the 18 O/
16
O isotope ratios, which was observed as homogeneous isotope curves in which δ 18 O variations are not evident. The isotope analysis of the water sources in the oasis showed that the palms mainly absorbed water from superficial sources, such as water moving through ditches and rivers; rain water was also absorbed directly. In this sense, the historical variations in groundwater cannot be reconstructed from the oxygen isotopes in W. robusta palm cellulose. Although the isotope curves of W. robusta exhibited some relationship with historical climate events, the utility of the data might improve if a methodology to estimate the age of formation of stem cellulose were to be developed. Approaches for calculating the ages of plants using 14 C in species without growth rings, such as Pachycereus pringlei (Delgado-Fernández et al., 2016) , Carnegiea gigantea (English et al., 2007) , and tropical trees such as Otoba gracilipes and the palm Oenocarpus bataua (del Valle et al., 2014) , have been developed. Similarly, it will be important for future research to calculate the relationship of the whole hydrological cycle, including precipitation, humidity, temperature, and evaporation that is involved in the absorption of water by W. robusta palms, to obtain more reliable assessments of δ 18 O in this species. According to estimates based on increases in at-
